Current rechargeable batteries generally display limited cycle life and slow electrode kinetics and contain environmentally unfriendly components. Furthermore, their operation depends on the redox reactions of metal elements. We present an original battery system that depends on the redox of I ) is only used for charge transfer. Moreover, the components (electrolyte/electrode) of this system are environment-friendly. Both electrodes are demonstrated to have very fast kinetics, which gives the battery a supercapacitor-like high power. It can even be cycled 50,000 times when operated within the electrochemical window of 0 to 1.6 V. Such a system might shed light on the design of high-safety and low-cost batteries for grid-scale energy storage.
INTRODUCTION
Because of the limited oil storage and the global warming threats, building a low-carbon society supported by sustainable energy, such as wind and solar energy, has been a worldwide topic. Efficient utilization of intermittent renewable energy sources, such as wind or solar energy, needs flexible storage systems (1-7), but the options are presently dominated by pumped hydroelectric storage that is limited to a specific geographic location (1, 2) . Battery systems should be a viable solution, provided that lower costs can be obtained (2) . A long life (>10,000 cycles) is key to keeping costs down (1) , but the life of conventional batteries is far from this value. Furthermore, the operation of current batteries depends on the redox reaction of metal elements (8, 9) . The fabrication of electrodes from limited ores increases battery costs (8) . In addition, safety requests of batteries for grid-level energy storage are much higher compared with current portable batteries. All current batteries contain toxic and/or environmentally unfriendly components, such as toxic nonaqueous electrolyte in current Li-ion batteries, acid/alkaline electrolyte in Ni-MH or lead-acid batteries, and toxic electrode materials (for example, Pb in lead-acid batteries, Cd in Ni-Cd batteries, VO x in vanadium flow batteries, and Br 2 in Zn-Br 2 flow batteries).
In recent years, many efforts have been made to develop low-cost and highly safe batteries for grid-scale energy storage (2) . Classical Liion batteries have high energy densities but are too expensive, and their cycle life and safety are not suitable for grid applications (2) . Although Na-S batteries are currently the most credible option, on-field accidents have proven the lack of safety of this technology (2) . Redox flow batteries, including traditional aqueous Zn-Br 2 flow batteries, have restricted energy densities because of the limited achievable maximum concentrations of the soluble redox species (3). Nonaqueous Li-S and Li-iodine redox flow batteries have been recently developed to reach higher energy densities. However, both of these batteries face numerous challenges such as high cost, difficulty to scale-up, flammable components, the low conductivity of the nonaqueous electrolyte, and so on (10) (11) (12) (13) . New concepts are emerging on how to overcome these issues. For example, the recently reported "metal-free organic-inorganic aqueous flow battery" totally avoids the use of metal element-based electrodes (7) , and thus reduces the cost from the electrode material. However, its limited cycle life (about 15 cycles) should be further improved for future stationary energy storage (1) . Whereas a high-energy density aqueous zinc-polyiodide flow battery using a highly soluble iodide/ triiodide redox couple has been reported, the cycling behavior presented is only 40 cycles (3). Wang et al. (6) have recently developed an all-liquid Li-Sb battery for grid-level energy storage, which greatly reduces the costs from both electrode materials and battery fabrication. However, the high operation temperature (450°C) and molten metallic electrodes (Li and Sb) may be a safety concern. On the other hand, aqueous Li (or Na)-ion batteries, which are based on the Li + /Na + intercalation electrode in aqueous electrolyte, are attracting considerable attention for electrochemical energy storage because of their high safety, low cost for battery fabrication, and high rate. However, the progress of aqueous Li (or Na) batteries is held back by the limited cycle life. To date, the longest life achieved for aqueous Li (or Na)-ion batteries is only about 1000 cycles (14) (15) (16) (17) (18) (19) (20) (21) (22) . Although Li ion (or Na ion) has an inherently small diameter, its repeated intercalation/de-intercalation over thousands of cycles gradually destroys the crystalline framework of electrode materials (that is, intercalation compound), finally resulting in capacity fading. Recently, an alternative approach that uses an electroactive organic material with a conjugated carbonyl group as the anode material for aqueous batteries has been proposed (23) . However, the organic anode is still coupled with an intercalation compound cathode to form a full cell, which displays a limited cycle life (less than 200 cycles) (23) .
Here, we present an original battery system that depends on the reversible redox reaction of I − /I 3 − couple in liquid cathode and on the reversible enolization of (C=O) n /(C-O-Li/Na) n in anode, accompanied by Li (or Na)-ion transfer between cathode and anode through a Li + /Na + exchange polymer membrane. The electrode reactions are independent of metal element-based redox reactions in conventional batteries. We also demonstrate that the kinetics of both electrodes are not limited by the ion diffusion process or phase conversion, and thus, this architecture has the promise of achieving battery-level energy density combined 
RESULTS
Operation mechanism of a full cell As shown in Fig. 1A , the battery includes a liquid cathode that is based on water-soluble redox couples of I − /I 3 − and aqueous electrolyte containing Li + (or Na + ), a solid-state polyimide anode, or a polymer Li + /Na + exchange membrane (Nafion 117 treated with LiNO 3 or NaNO 3 ) to separate cathode and anode. Its operation mechanism is similar to a conventional Li-ion battery: I − ions are oxidized into I 3 − ions on charge, and simultaneously, Li ions (or Na ions) in liquid cathode diffuse across the ion exchange separator to react with polyimide anode to form Li x -polyimide or (Na x -polyimide) through an "enolization process" [(C=O) n → (C-O-Li/Na) n ]. Discharge reverses the charge process. The electrons, of course, pass around the external circuit. The electrode reactions over charge/discharge are given in Fig. 1B .
Electrochemical behavior of single electrodes
The polyimide was prepared from 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA) according to a previous report (24) , and thus was named NTCDA-derived polyimide (that is, PNTCDA). The purity of the as-prepared PNTCDA was confirmed by Fourier transform infrared (FT-IR) ( fig. S1 ). Before the fabrication of a full cell, the electrochemical performance of PNTCDA in aqueous electrolyte was investigated by cyclic voltammetry (CV) and galvanostatic charge/ discharge measurements with a three-electrode system. Figure ) accompanied by the incorporation of Li + ions forming lithium enolate groups (14) . In the corresponding oxidation process, Li + ions were removed from the lithium enolate groups (C-O-Li), and carbonyl groups (C=O) were rebuilt. The charge/discharge profile with a current density of 1 A g −1 is given in Fig. 2B , where the slope plateau from −0.4 to −0.8 V versus SCE should be related to the two-step reduction of the carbonyl groups in the PNTCDA units during the discharge course, whereas the slope plateau in the charge curve corresponds to the reoxidation of the enolate groups. Moreover, a discharge capacitance of 154 mAh g −1 also indicates that the two carbonyl groups in PNTCDA are reduced to form Li 2 PNTC-DA, which is consistent with the structure proposed in . The charge storage of PNTCDA depends on the enolization process, which is different from the intercalation/de-intercalation or dissolution/deposition mechanism of conventional rechargeable batteries. When PNTCDA is combined with cation with +1 charge state (for example, Li or Na) during the reduction process (that is, discharge process), the charge redistribution occurs within the conjugated aromatic molecule (14) . Charge reverses the discharge process. The special charge storage mechanism in the chemical bonds causes minimum damages and volume expansion of the primary structures (14, (25) (26) (27) , thus ensuring the outstanding structural stability of PNTCDA over discharge/charge cycles. The electrochemical behavior of liquid cathode (that is, I Electrode kinetics investigation CV is an efficient tool to investigate the kinetics of electrode reaction. In theory, the voltammetric response of an electrode-active material at various sweep rates can be summarized as follows (28) (29) (30) (31) 
in which the measured current (i) at a fixed potential obeys a power-law relationship with the potential sweep rate (v). For a redox reaction limited by semi-infinite diffusion, the peak current i varies with v 1/2 (that is, b = 0.5); for a capacitive process, it varies with v (that is, b = 1) (28 2 ] have a b value of ≈0.5, whereas for the pseudocapacitor materials (such as RuO x , MnO 2 , and Nb 2 O 5 ), b ≈ 1.0. This should be the key reason for the much higher power of supercapacitors, compared with rechargeable batteries (such as Li-ion, Ni-MH, Ni-Cd, and Pb-acid batteries). As shown in Fig. 3, A and B, the redox reaction (that is, charge/discharge process) of the PNTCDAbased electrode in aqueous LiNO 3 electrolyte has a b value of 0.88, indicating a pseudocapacitive characteristic. Similarly, the PNTCDA-based electrode exhibits the pseudocapacitive characteristic of sodium storage in aqueous NaNO 3 electrolyte (Fig. 3, C and D) . The results in Fig. 3 demonstrate that the electrode kinetics of PNTCDA is not limited by the diffusion process. That is, its charge storage behavior exhibits a pseudocapacitive characteristic. In addition, CV investigation at different sweep rates was also carried out to study the electrode kinetics of the I ) are used as anode and cathode, respectively, to form an aqueous Li (or Na)-ion battery ( fig. S4 ). Figure 5 shows the electrochemical performance of the aqueous Li-ion battery that is based on PNTCDA anode and liquid cathode. As shown in Fig. 5A , the full cell can be cycled within the voltage window of 0 to 1.6 V, which is consistent with the potential difference between the cathode and the anode observed earlier. The specific capacity (mAh g ). It can be observed that the full cell delivers a discharge capacity of 157 mAh g −1 at a current density of 1 A g
, which is equal to 5.5C in terms of C-rate discharge. At a current density of 20 A g −1 (110C; 33 s to total charge or discharge), more than 90 mAh g −1 can still be achieved, and a capacity of 56 mAh g −1 is obtained at 40 A g −1 (220C; 16.5 s to full charge or discharge). Even at a much higher current density of 100 A g −1 (550C; indicating 6.6 s to full charge or discharge), the cell can still deliver a capacity of 25 mAh g −1 . The extremely high rates are much higher than that of current rechargeable batteries and even close to that of supercapacitors. Such an extremely high-rate performance suggests that the reaction kinetics of both anode (PNTCDA) and liquid cathode (I − /I 3 − solution) are not limited by the ion diffusion and/or phase conversion process, which is consistent with the three-electrode investigation (Figs. 3 and 4) . As presented in Fig. 5B , the cell exhibits a stable cycling performance at a current density of 10 A g −1 and keeps its columbic efficiency around 100% during successive 50,000 cycles. The high columbic efficiency achieved indicates that the crossover of I − or I 3 − is negligible, which is consistent with a recent report on Zn-polyiodide flow battery using Nafion membrane (3) . The stability is further demonstrated by the enlargement of cycle performance over 0 to 5000 cycles, as shown in Fig. 5B . Such an excellent cyclability can be attributed to both the electrochemical reversibility and the structural stability of the electrode materials, including the PNTCDA anode and the I − /I 3 − redox couple-based aqueous cathode. Our recent investigation indicates that the PNTCDA-based anode can be used as an O 2 self-elimination electrode (32) , which potentially alleviates the O 2 -induced capacity fading in aqueous batteries that is demonstrated in our previous report (16) . However, there is still capacity fading to some extent. As can be seen in Fig. 5B , the capacity retention is about 70% over 50,000 cycles. This can be ascribed to the water evaporation and the consequent resistance increase during the long-time charge/discharge process. In addition, current collector passivation may also result in the increase of resistance. This issue will be further investigated in our future technological study.
Because the capacity performance of the PNTCDA anode and the I − /I 3 − redox couple-based liquid cathode does not depend on the cation type (Li + or Na + ), the electrochemical performance of the full cell using electrolyte containing Na + is expected to be similar to that of the full cell using electrolyte containing Li + . To clarify this point, aqueous Na-ion battery based on PNTCDA anode and liquid cathode was fabricated and investigated under the same conditions. When cycled in the voltage window of 0 to 1.6 V at a current density of 1 A g −1 (or the rate of 5.5C), the aqueous Na-ion battery shows a discharge capacity of 140 mAh g −1 (Fig. 6A) , which is close to that of Li-ion battery tested under the same conditions. The rate capability of aqueous Na-ion battery was also tested, and it delivers a high capacity of 95 mAh g −1 at a high current density of 20 A g −1 (110C; 33 s to total charge or discharge). When a much higher current density of 40 A g −1 (rate of 220C; 16.5 s to full charge or discharge) was applied, the discharge capacity can still reach 59 mAh g −1 with a high columbic efficiency of about 100%. Even at an extremely high current density of 100 A g −1 (550C; indicating 6.6 s to full charge or discharge), the Na ion-based cell can still deliver a capacity of 28 mAh g −1 , which is almost the same as that of the aqueous Li-ion battery mentioned earlier. As shown in Fig. 6B , the cell can be stably cycled over 50,000 times with a capacity retention of 70%, which is close to that of the aqueous Li-ion battery mentioned earlier. It should be noted that the high-rate performance shown in Fig. 5A or 6A was achieved by using the low-concentration aqueous cathode (0.1 M LiI or NaI) and the PNTCDA anode with low mass loading of active material (~1 mg cm
), which is used to confirm the fast kinetics of electrodes. In practical applications, high-concentration aqueous cathode and PNTCDA anode with high mass loading of active material are quite necessary. Therefore, we used the higher-concentration aqueous cathode (5 M LiI or NaI) and the PNTCDA anode with higher mass loading of active material (5 mg cm −2 ) to construct a full cell, and investigated its rate performance by galvanostatic charge/discharge measurements ( fig.  S5) . The results indicate that the viscosity of aqueous cathode and the resistance of PNTCDA anode can limit the rate performance to some extent. This issue should be further investigated in future studies.
DISCUSSION
To further demonstrate the promising application of such a full battery system, we evaluated the energy density based on the electrode-active materials, and compared it with the values given in recent reports. In view of the average cell voltage, the specific capacities of electrode materials (that is, LiI/NaI and PNTCDA), and the high solubility of fig. S3 , and the experiment was also conducted through the special three-electrode cell shown in fig. S2 . LiI or NaI, the calculated energy densities of the aqueous Li-ion battery and Na-ion battery are~65.3 and~63. ) (17), and the organic/inorganic aqueous flow battery (50 Wh kg −1 ) (7). However, the new aqueous Li (or Na)-ion battery displays a super-long cycle life (50,000 cycles), which is much higher than that of any other rechargeable batteries. Furthermore, it is demonstrated that its electrode reactions are not totally limited by the ion diffusion process, whereas the kinetics of electrode reactions in conventional Li (or Na)-ion batteries is generally limited by the Li + (or Na + ) diffusion within the crystalline framework of electrode materials. As a result, the new Li (or Na)-ion battery can be cycled at a high rate of 550C (100 A g −1 ; 6.6 s to full charge or discharge), indicating a supercapacitor-like high power. It is more important that there are no metal element-based redox reactions in this new battery system, where the Li + (or Na + ) is only used for charge transfer. In addition, because of the liquid characteristic of cathode, the cell can be operated as a single-flow battery in practical applications. Finally, the new-type Li (or Na)-ion battery is an environment-friendly system because the iodide-based cathode, the polyimide-based anode, and the neutral (pH~7) aqueous electrolyte all have low toxicity. It should be noted that most current batteries involve toxic and/or environmentally unfriendly factors, such as toxic nonaqueous electrolyte in current Li-ion batteries, acid/alkaline electrolyte in Ni-MH/lead-acid batteries, and toxic electrode materials (for example, Pb in lead-acid batteries, Cd in Ni-Cd batteries, VO x in vanadium flow batteries, and Br 2 in Zn-Br 2 flow batteries).
In summary, a new-type aqueous Li (or Na)-ion battery has been proposed by using a polymer Li + (or Na + ) exchange membrane to separate a solid-state polymer anode and a liquid cathode containing water-soluble inorganic redox couples. Such a system can exhibit a supercapacitor-like high-rate performance and a super-long cycle life because the kinetics of both electrode reactions are limited neither by the ion diffusion process nor by phase conversion. This finding not only provides a promising solution for grid-scale energy storage but also brings a new idea for battery design. 
MATERIALS AND METHODS

Synthesis of electrode materials
The NTCDA-derived polyimide (that is, PNTCDA) was synthesized from NTCDA and ethylene diamine (EDA) according to a previous report (24) . In a typical synthesis, equimolar commercialized NTCDA and EDA were added in the solvent N-methylpyrrolidone (NMP) and reacted under reflux for 6 hours. The obtained product was filtrated, washed several times with ethanol and NMP, dried at 120°C in air for 12 hours, and then heated in nitrogen atmosphere for 8 hours at 300°C. The reagents (for example, NTCDA, EDA, LiI, and NaI) were purchased from Sinopharm Chemical Reagent Co. Ltd.
Electrode preparation and battery assembly
The polymer-based anode was obtained by mixing 60 wt % active material, 30 wt % Ketjen Black (KB) as conductive agent, and 10 wt % polytetrafluoroethylene (PTFE) as binder. For a typical preparation, PNTCDA, KB, and PTFE were dissolved in isopropanol to form a slurry with the weight ratio mentioned above, and then the slurry was rolled into a film electrode. An aqueous solution containing 0.1 M LiI (or NaI), 0.01 M I 2 , and 1 M LiNO 3 (or NaNO 3 ) was used as the liquid cathode, and a carbon (that is, KB)-loaded stainless steel mesh was used as the current collector for the liquid cathode. The KB carbon powder and PTFE were mixed at an 80:20 mass ratio in isopropanol to form a slurry, which was then rolled into a film. Next, the carbon-loaded current collector was obtained by pressing the KB-based film on a stainless steel mesh with a KB loading of 1 mg cm −2 . For full cell assembly, 200 ml of the aqueous cathode and the LiNO 3 (or NaNO 3 ) solution-wetted anode was separated with Nafion 117, as shown in Fig. 1A (or see fig. S4 for detailed information). The mass loading of PNTCDA in the anode was 1 mg cm −2
. Before cell assembly, the commercial Nafion 117 film was alternately immersed in 1 M LiNO 3 (or NaNO 3 ) solution and washed with 1 M LiNO 3 (or NaNO 3 ) solution until the pH value reached~7. The pH value of electrolyte solution in the full cell was~7.
Electrochemical measurements
Electrochemical tests including rate performance and cycle performance for the full cell were performed on the HOKUTO DENKO Battery Charge/Discharge System HJ Series controlled by a computer. CV and galvanostatic charge/discharge measurements of the PNTCDA electrode in 1 M LiNO 3 solution (or 1 M NaNO 3 solution) were investigated on an electrochemistry workstation (CHI 660) with a three-electrode system, where an SCE and active carbon were used as reference and counter electrodes, respectively. The same three-electrode measurements were also conducted for the aqueous cathode, where the aqueous electrode and the reference/counter electrode were separated by Nafion film, as shown in fig. S2 .
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/2/1/e1501038/DC1 Fig. S1 . FT-IR spectrum of as-prepared PNTCDA. Fig. S2 . Schematic illustration of the cell for aqueous electrode investigation with a threeelectrode system. 
